A systematic comparison between several pairs of contact materials based on an innovative methodology early developed at NOVA MEMS is hereby presented. The technique exploits a commercial nanoindenter coupled with electrical measurements, and test vehicles specially designed to investigate the underlying physics driving the surface-related failure modes. The study provides a comprehensive understanding of micro-contact behavior with respect to the impact of low-to-medium levels of electrical current. The decrease of the contact resistance, when the contact force increases, is measured for contact pairs of soft material (Au/Au contact), harder materials (Ru/Ru and Rh/Rh contacts), and mixed configuration (Au/Ru and Au/Ni contacts). The contact temperatures have been calculated and compared with the theoretical values of softening temperature for each couple of contact materials. No softening behavior has been observed for mixed contact at the theoretical softening temperature of both materials. The enhanced resilience of the bimetallic contacts Au/Ru and Au/Ni is demonstrated.
I . I N T R O D U C T I O N
Since the beginning of their development in the early 2000s, RF MEMS (Micro Electro Mechanical Systems) have always suffered from a lack of reliability, hampering their mass production, and commercialization. These limitations are due to the complex underlying physics of failure dominated by strong multiphysics and multiple scale phenomena, made fuzzier by the shortcoming in technology stability, which needs yet to meet industrial standards. As far as technical bottle-neck issues are concerned, one of the major failure mechanism identified in the past was the dielectric charging, which induces a drift of pull-in and pull-out voltages, and quickly leads to permanent stiction in open or closed state. However recent publications have clearly showed that this phenomenon is no more the main failure cause for ohmic micro-contact switches, since it can be avoided by means of design tricks or control voltages tuning approaches [1] . Consequently, another failure mechanism becomes the predominant one, i.e. the degradation of the resistive micro-contact properties throughout the switch's lifetime.
As for dielectric charging, intense research activity is mandatory to study the root causes of this failure, and to derive solutions to overcome it. This is made difficult by the small sizes at stake in these devices, and by the multiphysical aspect of the microcontacts. Indeed, mechanical, thermal, electrical, and even chemical aspects have to be taken into account to elaborate an accurate behavioral model. In particular, the contact pressure and the corresponding temperature have to be determined precisely, knowing that these two parameters are interdependent. In order to do so, the model needs to be completed by sets of data that include the electrical and the thermo-mechanical properties of the thin-film metallizations used to realize the contact. Hence, a new set-up was developed for the characterization of contact materials used in micro-switches. In previous works the study of the Au/Au, Ru/Ru, and Au/Ru contact resistance, comparing the stability with respect to an increased level of current has been already presented [2] [3] [4] . The present paper intends to recall these previous results to extend and focus on critical aspects, such as contact asperity, joule-effect-induced heating, and finally contact adhesion. These studies are systematically carried out with different levels of current and for several pairs of different contact materials.
The work presented in this paper aims at demonstrating the enhanced stability of bimetallic contacts compared to mono-metallic ones. A comparison of five contact pairs is presented, clearly highlighting a lower sensitivity of the bimetallic ones to temperature effects.
I I . B A C K G R O U N D T H E O R Y
The micro-contact physically differs from the macro-contact due to the influence of surface roughness and the smaller contact force available in micro switches. Only high points on each surface come in contact, and the effective contact area, named asperities or a-spots, is largely smaller than the apparent one. The way the electrons are transported through electrical connections (ballistic, quasi-ballistic, or ohmic transport) needs to be determined to evaluate the resistance of contact. A detailed presentation of the different conduction modes (ohmic, ballistic, and mixed) and of the mechanical aspects (plastic and elastic deformation) can be found in [2] . In the model used here the conduction mode is considered to be ohmic and the deformation mainly plastic. This assumption can be used to describe the deformation of the asperities during the first actuations, known as "burn-in" phase.
A) Conduction mode
For a single circular spot of contact, "ohmic contact" means that the contact radius a, is at least one order of magnitude higher than the mean free path l e of the electrons in the material. In this case the Ohm's law can be applied at each point in the contact. The measured resistance is then dominated by a diffuse scattering mechanism, and is given by the Holm resistance formula. This electrical resistance is directly linked to the constriction of current lines between the contacts. It causes a local increase of the current density and tends to increase the electrical potential drop between the two sides of the asperity. The expression of this constriction resistance is
where r is the resistivity of the contact material. It is necessary to keep in mind that generally the current flows by multiple asperities. The easiest approach consists in considering that the whole conductance 1/R eff is the sum of the conductances 1/R n of the multiple contact spots with varying sizes (no interaction between the spots):
This expression is a first approximation. More complex models can be used to find an accurate approximation [5] .
B) Deformation mode
When the two contact surfaces collide with each other, the asperities of each contact could have three deformation modes: elastic, elastic-plastic, and plastic, depending on the level of stress applied to the materials. During the first contact establishment between the two surfaces, the stress applied on the high points of the asperities is generally higher than the yield stress of the contact material. This is due to a necessary roughness adaptation of the surfaces. Thus the deformation of the contact asperities is considered to be predominantly plastic. The contact area and the contact load can be linked to the radius of the contact spot a using Abbott and Firestone's plastic contact model [5] :
where A C is the contact area, F C the contact force, and H the Meyer hardness of the softer material. This leads the stress to reduce toward the yield point after several actuations, where the behavior becomes closer to a domain of perfect-elastic or elastic-plastic transition. Thus, only perfect-plastic behavior will be first considered, by applying Abbott and Firestone's plastic contact model.
C) Contact temperature model
Heating of the contact spots is extremely localized when the current flows through the contact: the device level remains at room temperature but softening or melting temperatures can be reached on the asperities [6] . The highest contact spot temperature T C has been expressed by Kohlrauch as a function of the contact voltage V c for an ohmic contact [5] :
where L ¼ 2.45 × 10 28 W V/K 2 is the Lorentz constant and T 0 the ambient temperature. Equation (5) is obtained from the Wiedemann-Franz law for a conductor heated by the current produced by the voltage V C between two arbitrary isotherms with the temperature T 0 : the assumption is made that the thermal and electric currents obey similar laws thus with symmetric contacts the generated heat flows in the same path as the electric current. The resistivity is also dependant on the temperature.
D) Performances and reliability of micro contacts
Performances of electrical contacts in MEMS switches are strongly linked with the materials used. Their mechanical and electrical properties will govern the evolution of the contact resistance when the load is applied, as well as its sensitivity to the main failure mechanisms: Three types of root causes can be highlighted: the mechanical (cold welding, wear, and strain hardening), electrical (arcing, hot welding, and annealing), and chemical ones (formation of insulating films at the extreme surface), all inducing modifications of the topological, mechanical, and electrical properties of the contact. The best compromise between mechanical and electrical performances has to be found to reach reliable operations. The material must have good electrical conductivity to avoid losses, high melting point to handle power, appropriate hardness to avoid stiction, and chemical inertness to avoid oxidation [7] . This information can be partly found in the literature, but it does not replace a direct quantitative characterization of the MUT, as it is done by means of the setup presented in next subsection.
I I I . M E T H O D O L O G Y

A) Description of the experimental set-up
Advanced characterization of the contact properties requires high control of the load applied to the contact, of the displacement of the moving part, and of the electrical properties of this contact. These conditions can be reached using a nanoindenter coupled with a high-resolution source meter. The spherical diamond tip acts as a mechanical actuator, which applies a punctual load on the free-standing electrode mimicking the switch action at the contact interface. Previous works described the set-up and showed the relevance of such an approach to simulate a distributed actuation pressure [7] while additional information can be found in [2, 3] .
B) Test vehicle description
Specific test vehicles have been designed to allow an efficient extraction of characteristic curves and make possible the comparison between different contact shapes or materials. As illustrated in Fig. 1 , the microfabricated devices are composed of a bridge suspended over a contact line. Thanks to a true four-point system and the specific design, only the contact resistance is measured, being the resistance of the remaining structure, lines and bridge patterned on the substrate automatically removed. This method for measuring contact resistance is the same as the one used in the crossed rod design of Holm [5] . A 3 mm × 3 mm bump is processed underneath the bridge.
Four contact materials are tested (cf. Table 1) : first gold, which is the most popular material for electrical contact because of its high bulk conductivity, its high oxidation resistance, its low propensity to form alien surface films [11] , and its compatibility with MEMS fabrication methods. However, gold is a soft material subject to large surface modifications while switching cycles occur. Furthermore, gold is prone to contact wear and stiction, which affect the contact performance. This is the reason why new contact metals such as Ru, Rh, and Ni, have been introduced. These are much harder than pure Au or any Au alloy. They may provide better resistance stability in spite of a higher bulk resistivity [12] . On the other hand, ruthenium and rhodium are typical frictional polymer-forming metals, they tend to adsorb organic vapor from air and form a contaminating film [13] . Nevertheless, the introduction of these contact metal candidates, endowed with higher melting point, gives the opportunity to investigate their behavior under large current levels.
Five kinds of test structures with different contact metals are used for this study: Au/Au, Ru/Ru, Au/Ru, Rh/Rh, and Au/Ni. They have been successfully fabricated at LETI (Au, Ru, Ni) and NTB (Rh contact), and stored in dry N 2 to slow down any environmental contamination of the contact surfaces. In spite of that, gradual contamination accumulation still occurred due to the device transfer between the different laboratories. The thicknesses of each contact material are synthetized in Table 1 .
I V . E X P E R I M E N T A L R E S U L T S
A) Contact force versus contact resistance
First of all, the contact resistance evolution with increasing contact force and current levels are studied. The results are presented in Fig. 2 . When the contact is established between two metallic electrodes, the effective contact area is very low. Only the higher points of the electrodes are in contact. The contact area is then very low and the contact resistance is high and unstable. At a certain minimum force, depending on the material under investigation, a significant reduction of the resistance occurs as considerable plastic deformation takes place, causing rupture of undesired films at the contact interface. At higher forces, the contact remains stable and the resistance decreases slightly with further increasing of the force until a saturated regime is reached [14] . Figure 2 shows the contact resistance for Au/Ru, Au/Au, Ru/Ru, Rh/Rh, and Au/Ni contacts as a function of the measured contact force with a contact current of 1 and 100 mA. Concerning mono-metallic contacts, one can see Fig. 1 . Schematic of the test structures. comparative study of micro-contact materialsthat the resistivity of the materials governs the level of resistance obtained both at 1 and 100 mA. The Au/Ru bimetallic contact is relatively stable at maximum contact load. The behavior of the Au/Ru contact seems nearer to a very soft material rather than being in between a soft and a hard material. This confirms that in an asymmetric contact made of a soft and a hard material is the former to dictate the overall behavior. Our assumption is that the asperities of the softer material are much more deformed by a hard material surface. The results on Au/Ni contact are quite surprising because of the high level of the contact resistance, which is consistently higher than the expected one for 1-100 mA. It is suspected that the Ni part of the contact collected a large layer of contaminants on the contact surface because of a long period of hazardous storage.
Special efforts have to be made to well understand these first results. In general, the results on Au/Ru provided an attractive trade-off between low contact resistance and handling of relatively high power as will be shown in the next section.
B) Contact heating focus
To further examine the heating effect on contact resistance, the study is focused on the contact temperature when the maximum contact load is reached at 150 mN by gradually loading and unloading the bridge with an increased current level at each cycle. The methodology consists in measuring the contact voltage while applying the current through the asperities. The contact temperature is then calculated by means of the contact voltage measured across the contact (5).
The published softening temperature for gold contact is 1008C, corresponding to a contact voltage of 70-80 mV for contact near room temperature [5] . For Au/Au contact, the current is increased until reaching the softening temperature, around 40 mA (Fig. 3) . Then, the contact resistance continues to decrease keeping the contact temperature roughly constant. The contact temperature increases with a constant slope from 1 to 40 mA. The potential drop across the contact remains almost constant between 65 and 75 mV (from 80 to 1208C). The same behavior is partially observed for other symmetrical contact Ru/Ru. The published softening temperature for ruthenium contact is 4308C, corresponding to a contact voltage of 200 mV and contact near room temperature [15] . As pointed out previously, when the softening temperature is reached, the contact temperature does not depend strongly on contact current at high current levels. Beyond this value, the contact temperature is unstable even though it seems to oscillate around this softening temperature. To our knowledge, the softening temperature of rhodium is still unknown, and has not been reported yet in the literature. This pronounced leveling of the potential occurs in the same manner than for Au/Au and Ru/Ru contacts. This result suggests that the softening temperature of rhodium is around 3608C.
On the other hand, the behavior for the bimetallic contacts Au/Ni and Au/Ru defers from the two others. As shown in Fig. 3 , the contact temperature increases with the current level without reaching a maximum. And the leveling of the potentials across the Au/Ni contact is observed, but for contact temperatures largely higher than the nickel or the gold softening temperature. In asymmetrical contacts, the temperature distribution within the contact constriction is not comparable to the one in symmetrical contacts: as the conductivity of both materials is different, thermoelectric effects appear.
C) Determination of adhesion forces
The set-up used provides a measurement of the exceeding force required to reopen the contact with a continuously increasing tensile force. The force sensor of the nanoindenter measures the adhesion during the discontinuing of the mechanical and electrical contact. Moreover, the evolution in the pull-off force while increasing the current is tracked in order to show variations on the adhesion versus the contact temperature (Fig. 4) . These tests are done in a quasi-cold switching mode (I ¼ 1 mA and V c ¼ 0.05 mV) and with a relative humidity below 5% to guarantee low moisture content conditions.
Results on Au/Au contact show that the contact begins to adhere with a really low current. The increase of the current level does not affect the contact adhesion. These results can be explained by the low contact resistance (,0.2 V) for the Au/Au contacts generated by a large contact area at 150 mN. This yields to an increase of the metallic bond and leads to a higher adhesion between the contact surfaces. For the Ru/ Ru and Rh/Rh cases, the behavior differs from the gold one. Adhesion is continuously increasing from low to medium power. Au/Ru and Au/Ni contacts show low adherence without high evolution of the pull-off force. The evolution of the pull-off force with increasing current is really different for bimetallic contacts as this kind of contact prevents the adherence between the contact parts. More extensive exploration of the adherence conditions have to be done to explain why the adhesion seems to become smaller for the bimetallic contacts.
V . D I S C U S S I O N
The previous section pointed out the dissimilar behavior of symmetrical and asymmetrical contact materials. For the symmetrical contacts, the potential across the contacts cannot really exceed the softening voltages at these current levels. On the contrary, the asymmetrical contacts may withstand voltages beyond the softening level of the contact materials. The assumption that the electrical and thermal currents flow in the same paths, is always supported by the Wiedemann-Franz law [5] . T 0 is the bulk temperature in the both members of the contact. The highest temperature T C is localized at the extreme contact interface across which no heat flows for a monometallic contact. The temperature distribution is symmetric around the hottest contact spot precisely localized at the intersection between both parts of the contact. Figure 5(b) illustrates the temperature distribution at the contact constriction between two different metals (Metal 1 and Metal 2) with different conductivities (r metal2 . r metal1 ) and mechanical hardness (H metal2 . H metal1 ) [5] . The temperature distribution around the hottest area at the contact interface has changed because of the different nature of both contact parts. Thus there is a change in the average comparative study of micro-contact materials 417 distance of the thermoelectric heat flow. The maximum temperature T C is located within the less conductive material at a distance Dz from the physical interface [5] . A simple model predicts the location of the maximum temperature in a bimetallic contact [16] :
where DV is the potential drop between the physical interface and the plane of maximum temperature, r 1,m and r 2,m are the electrical resistivity of material 1 and 2 at the maximum temperature T C . Figure 6 depicts the location of the maximum temperature in the less conductive member of the bimetallic contact. The maximum temperature is always located within the hardest materials (Dz MAX ¼ 60 nm for ruthenium and Dz MAX ¼ 220 nm for nickel). Consequently, it has no influence on the contact asperities, and on the voltage and resistance measured. In addition, this explains that the highest adhesion occurs between identical metals, whereas bimetallic combinations exhibit weaker adhesion [17] . The threshold temperature observed for Au/Ni contact is probably a softening of the contact surfaces generated by the heat produced within the nickel member, and dissipated by conduction to the contact interface.
V I . C O N C L U S I O N
This test facility enables new characterization tests of MEMS ohmic contacts under realistic conditions. An emphasis was placed on the role of the low-to medium-power range leading to contact heating. First, the electro-mechanical responses of different contact configurations have been investigated. Au/Au and Au/Ru contacts have good performances and enhanced power-handling capability because of the electro-mechanical properties of the contact configuration. As a general rule, bimetallic contact should be able to handle relatively larger power, thanks to the electro thermal properties of this specific contact configuration. In addition, it has been demonstrated that bimetallic contacts reduce adherence during the unloading phase alleviating or reducing the common failure mechanism of stuck contacts. On this regard, Au/Ru contact seems to be a promising candidate for MEMS switches.
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